It is unknown whether interferon-has a positive or negative impact on atherosclerotic plaque formation. 
, Hisashi KAI 1) , Hideo YASUKAWA 3) , Seiya KATO 4) , Tomoka YAMAMOTO 1), 2) , Yumiko KAWAI 1), 2) , Ken KUSABA 1) , Yukihiko SEKI 1) , Mamiko KAI 2) , Kensuke EGASHIRA 5) , Yasufumi KATAOKA 2) , and Tsutomu IMAIZUMI 1) 
Introduction
Recently, it has been widely accepted that chronic inflammatory changes participate in the generation and progression of atherosclerosis through the activation of pro-inflammatory cytokines and growth factors ( 1 ) . Among the cytokines, interferon-γ is highlighted as a key factor in the pathogenesis of atherosclerosis, because it is expressed at high levels in atherosclerotic lesions ( 2 ) . However, earlier studies demonstrated that interferon-γ has both pro-and anti-atherogenic actions on inflammatory and vascular cells in culture ( 3 ) . Therefore, currently, the overall impact of interferon-γ on the pathogenesis of atherosclerotic lesions is still unknown.
It has been shown that overexpression of a soluble mutant of interferon-γ receptor (sIFN γ R) acts as an interferon-γ inhibitory protein and is a safe and effective tool for investigating the roles of interferon-γ in the pathogenesis of various experimental models of inflammatory diseases ( 4 , 5 ) . Therefore, in the present study, we investigated the role of interferon-γ in the development of atherosclerotic plaques by injecting repeatedly naked DNA encoding sIFN γ R into the thigh muscle to produce sIFN γ R in apolipoprotein E-knockout (apoEKO) mice fed a Western-type diet.
Methods
C57BL/6J apoEKO mice and C57BL/6J mice (wild type), purchased from Jackson Laboratory (Bar Harbor, USA), were housed under standard conditions of humidity, room temperature and dark-light cycles and were provided with free access to chow and water. The study protocol was reviewed and approved by the Animal Care and Treatment Committee of Kurume University.
sIFN R Plasmid
The plasmid DNA encoding sIFN γ R was a gift of Dr. Prud'homme (McGill University, Montreal, Canada). Reverse transcription (RT)-polymerase chain reaction (PCR) was used to produce full-length cDNAs of the extracellular portion of the mouse interferon-γ receptor α -chain and of the mouse IgG1 constant heavy chain (Fc-fragment) ( 4 ). These cDNA fragments were designed to overlap in order to generate a cDNA segment by PCR, which encodes a full-length extracellular portion of the mouse interferon-γ receptor α -chain conjugated with the mouse IgG1 Fc-fragment at the Cterminal site. The resultant cDNA fragment was inserted into the EcoRV and EcoRI restriction sites of the VICAL VR1255 plasmid vector ( 4 ). All sequences were confirmed by doublestranded DNA sequencing. The final plasmid was designated sIFN γ R. The plasmid DNA was amplified, purified with an endotoxin-free purification kit (Qiagen, Tokyo, Japan) and stored at − 20 ° C until use. The ability of the overexpressed sIFN γ R protein to inhibit the actions of interferon-γ in vitro and in vivo was determined as described elsewhere ( 4 , 5 ) .
sIFN R Gene Transfer
sIFN γ R gene transfer was performed by the naked DNA method, as described previously ( 6 ) . Briefly, under ether anesthesia, 0.5% bupivacaine (AstraZeneka, Tokyo, Japan) was injected at a dose of 12.5 μ g/g body weight into the thigh adductor muscle to improve the efficiency of gene transfection ( 7 ) . Three days after bupivacaine pretreatment, denoted doses of sIFN γ R plasmid or blank plasmid (mock) solved in 40 μ l phosphate-buffered saline (PBS) were injected at the same site of the muscle where bupivacaine had been injected, as previously described ( 6 , 8 ) .
To evaluate the efficacy of gene transfer, the serum sIFN γ R protein levels were evaluated after single sIFN γ R gene transfer. In the wild-type mice, 200 μ g of sIFN γ R plasmid was injected into the thigh adductor muscle 3 days after bupivacaine treatment. At the denoted days, blood was drawn from the right atrium and kept frozen at − 80 ° C ( n = 4 per group). The serum was subjected to immunoprecipitation followed by immunoblotting using a monoclonal antibody against the N-terminal peptide of the mouse interferon-γ receptor α -chain (Santa Cruz Biotechnology, Santa Cruz, USA), as described previously ( 9 , 10 ) . Briefly, aliquots of the serum (300 μ l) were incubated with the anti-interferon-γ receptor α -chain antibody (10 μ g/ml serum) for 2 h at 4 ° C. To collect the immunoprecipitates, 40 μ l of protein A sepharose CL-4B beads (Amersham Biosciences, Tokyo, Japan) were added to the sample tube. The samples were placed on a rocking plate and incubated for 1 h at 4 ° C. After centrifugation at 14,000 × g for 3 min (4 ° C), the pellets were washed with icecold lysis buffer five times. The final pellets were resuspended with SDS-PAGE sample buffer and quickly heated to 95 ° C for 5 min. The supernatants were collected to obtain the immunoprecipitates. Aliquots of the immunoprecipitates were subjected to 10% SDS-PAGE gel and transferred to a polyvinylidene difluoride membrane. The membrane was incubated with the same antibody against the mouse interferon-γ receptor α -chain used for immunoprecipitation as the primary antibody (1:100 dilution) overnight at 4 ° C and then with a secondary antibody conjugated with horseradish peroxidase for 1 h at room temperature. The signals were analyzed with a chemiluminescence detection system (Pierce, Rockford, USA) ( 6 ).
Study Protocol
Treatment was initiated at the pre-atherosclerotic stage of apoEKO mice without apparent atherosclerotic changes. From 8 weeks of age, apoEKO mice were fed a Western-type diet containing 20% fat (w/w) and 0.15% cholesterol (w/w) (Oriental Yeast, Tokyo, Japan). Mice were randomized into two groups, as follows. The sIFN γ R gene-tranfected mice received injections of sIFN γ R plasmid (200 μ g) into the bupivacaine-treated thigh adductor muscle twice: on the first day of the Western-type diet and 14 days later. The right and left legs were used for the first and second gene transfers, respectively. The mock-treated control apoEKO mice were intramuscularly injected with the mock plasmid (200 μ g) on the same schedule. After 4 weeks of treatment (12 weeks old), the mice were sacrificed by an overdose of pentobarbital after blood had been collected from the right atrium, and perfused with ice-cold PBS. Thereafter, the heart and the aorta were immediately excised and subjected to the histological and RT-PCR experiments.
En Face Plaque Area
Immediately after the mice were killed, the aorta ( n = 5 per group) was excised and fixed in 10% buffered formalin for quantification of the en face plaque area, as described previously ( 11 ) . Briefly, after the adventitial tissue was carefully removed, the aorta was opened longitudinally, stained with oil red-O (Sigma, St. Louis, USA), and pinned on a black wax surface. En face images were obtained by a stereomicroscope (SZX12, Olympus, Tokyo, Japan) equipped with a digital camera (Dxm1200, Nikon, Tokyo, Japan) and analyzed using Values are mean ± SD ( n = 8). sIFN γ R, soluble mutant intreferon-γ ; HDL, high-density lipoprotein. 
Fig. 1. Efficacy of sIFN γ R gene transfer into the thigh muscle. A: Representative immunoblot against the extracellular portion of the interferon-

Histology and Immunohistostaining
After the mouse was sacrificed and perfused with ice-cold PBS, the heart and the ascending aorta ( n = 5 per group) were removed en bloc and snap-frozen in OCT compound (Sakura FineTech, Tokyo, Japan) for histological and immunohistochemical analysis. Atherosclerotic plaques were investigated at five independent section sets, each separated by 120 μ m, of serial cryostat sections (6 μ m thick) of the aortic root, as described previously ( 12 ) . Immunohistostaining was performed using primary antibodies against mouse IgG1 Fcfragment (MP Biomedicals, Solon, USA), interferon-γ (Chemicon, Temecula, USA), interleukin-1 β (IL-1 β , Santa Cruz Biotechnology), monocyte chemoattractant protein-1 (MCP-1, Santa Cruz Biotechnology), and vascular cell adhesion molecule-1 (VCAM-1, BD Pharmingen, San Diego, USA) and a commercially available detection system (DAKO Cytomation, Kyoto, Japan). The serial sections were subjected to oil red-O staining, Mallory-Azan staining, and immunohistostaining using MOMA-2 (Serotec, Oxford, UK) and an anti-α -smooth muscle actin ( α SMA) antibody (DAKO) to determine lipid-rich core, fibrotic tissue, monocytes/macrophages, and smooth muscle cells (SMCs), respectively.
RNA Extraction and RT-PCR Analysis
The aorta ( n = 5 per group) was rapidly snap-frozen in dry ice/ acetone and stored at − 80 ° C until use. After the frozen samples were homogenized in TRIzol (Invitrogen, Tokyo, Japan) using FastPrep homogenizer (ThermoSavant, Holbrook, USA), the total RNA was extracted and reverse-transcribed by using first-strand reaction mix beads (Amersham Biosciences) ( 13 , 14 ) . Aliquots of the RT products were amplified using KOD-plus (Toyobo, Osaka, Japan) and commercially available primer pairs for interferon-γ , IL-1 β , MCP-1, VCAM-1 and GAPDH (Applied Biosystems, Foster City, USA) according to the manufacturer's instructions. The RT-PCR products were electrophoresed on a 2% agarose gel stained with SYBR Gold (Invitrogen).
Serum Lipids and C-Reactive Protein Analysis
Serum total cholesterol, high-density lipoprotein (HDL) cholesterol and high-sensitivity C-reactive protein (hsCRP) were measured by a commercially available laboratory (SRL, Fukuoka, Japan).
Peritonitis Model for In Vivo Monocyte Transmigration Assay
To examine the effects of interferon-γ function blocking on in vivo monocyte transmigration, we employed an additional inflammation model, as described previously ( 15 ) . Three days after sIFN γ R or mock gene transfection ( n = 6 per group), ApoEKO mice received an injection of 2 ml of 4% oyster glycogen medium (Sigma) into the peritoneal cavity. Six hours after the injection, the abdominal wall was cut and the peritoneal cavity was opened with special care to avoid blood contamination. The peritoneal cavity was washed with 2 ml of warm heparinized saline; then peritoneal fluid was collected and centrifuged at 400 g for 10 min. After the pellets were resuspended in PBS (1 ml), the number of total leukocytes was counted using an automatic analyzer. Also, the resuspended solutions were subjected to Giemsa staining and the percentage of monocytes was obtained in the leukocytes (> 500 leucocytes were counted). The monocytes were calculated by multiplying the total leukocyte count by the percentage of monocytes.
Statistical Analysis
Each quantitative analysis of plaque area and monocyte count was performed by a single observer blinded to the experimental protocol. Data are expressed as means ± SD. Differences between the groups were determined using unpaired Student's t -test. Probabilities of less than 0.05 were considered statistically significant.
Results
Efficiency of sIFN R Gene Transfer
In wild-type mice, we evaluated the temporal changes in serum sIFN γ R protein levels after a single gene transfer of
Fig. 4. Representative photographs of the electrophoresis of RT-PCR products showing the effects of sIFN γ R treatment on the mRNA expressions of interferon-γ (IFN γ ), interleukin-1 β (IL-1 β ), monocyte chemoattractant protein-1 (MCP-1) and vascular cell adhesion molecule-1 (VCAM-1) at 12 weeks of age. Five independent experiments showed similar results. WT, wild-type mice.
sIFN γ R plasmid (200 μ g). Western blot analysis showed that sIFN γ R protein was secreted into the serum, peaking at 3-7 days after gene transfer and remaining elevated for at least 2 weeks (Fig. 1A) . The minimum dose of the injected sIFN γ R plasmid to induce the maximum elevation of serum sIFN γ R levels was 200 μ g (data not shown). Accordingly, throughout the following experiments using apoEKO mice, gene transfers of 200 μ g of sIFN γ R plasmid were performed twice: first on the day of the starting Western-type diet (8 weeks of age) and then 2 weeks later. Next, we determined whether or not the overexpressed sIFN γ R protein was present in the atherosclerotic plaques in sIFN γ R-treated apoEKO mice. After the 4-week sIFN γ R treatment, immunohistostaining demonstrated immunoreactivity against the IgG1 Fc-fragment-conjugated sIFN γ R protein in the plaques and the media of the aortic root (Fig. 1B) . In contrast, in the mock-treated apoEKO, sIFN γ R protein was not detected in the plaques, the media or the adventitia.
Effects of 4-Week sIFN R Treatment on Baseline Characteristics of apoEKO Mice
All mice transfected with sIFN γ R or mock plasmid appeared healthy and survived during the observation period. As shown in Table 1 , sIFN γ R treatment for 4 weeks had no significant effects on body weight, blood pressure, total and HDL cholesterol levels or serum hsCRP in apoEKO mice. Also, there were no significant differences in the peripheral blood leukocyte count and monocyte count between sIFN γ R-and mocktreated mice (data not shown).
Effects of sIFN R Treatment on Atherosclerotic Plaque Formation
At 12 weeks of age, mock-treated apoEKO mice showed oil red-O-stained atherosclerotic plaques from the ascending aorta to the aortic arch ( Fig. 2A) . sIFN γ R treatment remarkably prevented the aortic plaque formation, resulting in an approximately 60% reduction in en face plaque area (Fig.  2B) .
The cross-section at the aortic root was evaluated to determine the structural features of the atherosclerotic lesions (Fig.  3) . In mock-treated apoEKO mice, the plaques in the aortic root consisted of a lipid-rich core and massive macrophage accumulation with a very thin fibrous cap and few SMCs. In sIFN γ R-treated mice, the formation of the lipid-and macrophage-rich plaques was remarkably inhibited at the aortic root. And, sIFN γ R treatment increased the fibrous tissue and SMCs in the luminal surface of the plaques (Fig. 3) .
Effects on Inflammatory Changes in the Aortic Wall
The induction of inflammatory cytokines ( i.e. IL-1 β ), chemokines ( i.e. MCP-1) and adhesion molecules ( i.e. VCAM-1) has been shown to play a key role in plaque formation in apoEKO mice ( 16 ) . There was no significant expression of interferon-γ , IL-1 β , MCP-1 or VCAM-1 in the aorta of wild-type mice (Figs. 4 and 5) . In the mock-treated apoEKO mice, the expression of these inflammation-related molecules was remarkably upregulated in the aortic wall at 12 weeks of age (Fig. 4) . Immunoreactive interferon-γ , IL-1 β and MCP-1 were observed in the atherosclerotic plaques, whereas VCAM-1 was expressed in both the plaques and the medial SMCs (Fig. 5) . sIFN γ R treatment prevented the induction of interferon-γ , IL-1 β , MCP-1 and VCAM-1 at the mRNA and protein levels (Figs. 4 and 5) .
Effects on In Vivo Monocyte Transmigration in Peritonitis Model
We examined whether sIFN γ R reduced monocyte infiltration in another model of inflammation. Intraperitoneal administration of oyster glycogen induces peritonitis, which is an established inflammation model in mice ( 15 ) . In this model, peritonitis was associated with a transmigration of monocytes in the peritoneal cavity of the mock-treated apoEKO mice (Fig. 6) . sIFN γ R treatment significantly reduced the monocyte transmigration.
Discussion
In the present study, we have demonstrated for the first time that postnatal blocking of interferon-γ function prevents atherosclerotic plaque formation in apoEKO mice by overexpressing the interferon-γ inhibitor protein, sIFN γ R. Moreover, sIFN γ R treatment attenuated the inflammatory changes in the aortic wall. Taken together, these findings suggested that interferon-γ plays a crucial role in the development of early atherosclerotic lesions by activating inflammation.
We used apoEKO mice to investigate the role of interferon-γ in the development of atherosclerotic lesions, because the production of interferon-γ was documented in infiltrated lymphocytes within the atherosclerotic lesions in this model ( 17 ) . In the present study, intrinsic interferon-γ activity was postnatally inhibited in apoEKO mice by overexpressing sIFN γ R. We overexpressed sIFN γ R protein fused to the IgG1 Fc fragment as the inhibitor instead of the truncated sIFN γ R alone, because the fusion molecule secreted as homodimers has a much longer half-life than truncated sIFN γ R ( 18 , 19 ) and because the dimeric sIFN γ R fusion protein exhibits higher binding activity for the ligand than single-chain receptors ( 20 ) . In fact, a single sIFN γ R gene transfer into the thigh muscle significantly elevated the serum sIFN γ R protein levels for at least 2 weeks (Fig. 1A) . And, the overexpressed sIFN γ R protein was detected in the aortic atherosclerotic lesions in the sIFN γ R-treated apoEKO mice (Fig. 1B) . Moreover, sIFN γ R treatment inhibited monocyte transmigration in the peritonitis model (Fig. 6) . These results, together with those of previous studies ( 4 , 5 ) , suggested that the overexpressed sIFN γ R pro- teins were secreted into the systemic circulation and in turn inhibited interferon-γ -induced inflammation in the remote organs.
The most important finding of this study was that sIFN γ R treatment abolished atherosclerotic plaque formation in the pre-atherosclerotic stage of apoEKO mice (Fig. 2) . This was in line with the earlier study demonstrating that apoE/interferon-γ receptor α -chain double-KO mice had smaller atherosclerotic lesions than apoEKO mice ( 17 ). Our observations not only support the notion that interferon-γ plays a substantial role in atherosclerotic plaque formation, but also raise the possibility that blocking the interferon-γ -mediated signaling would be a new target for the prevention of atherosclerosis.
It is interesting to note that sIFN γ R treatment altered the structural features of the plaque in addition to reducing the plaque area. In mock-treated apoEKO mice, the plaques had a large lipid-rich core and massive macrophage accumulation accompanied by few SMCs and a very thin fibrous cap (Fig.  3) , indicating markedly low plaque stability. sIFN γ R treatment improved the histological stability of the plaques not only by preventing lipid and macrophage accumulation but also by increasing SMCs and fibrotic tissue.
Several mechanisms were considered to explain the effects of sIFN γ R. Serum cholesterol and hsCRP levels were not altered by sIFN γ R treatment (Table 1) . Accordingly, it is plausible that the observed effects are independent of systemic inflammation and cholesterol levels. As shown in Figs. 4 and 5, sIFN γ R treatment suppressed the upregulation of IL-1 β , MCP-1 and VCAM-1 expression in the aortic wall, especially in the plaques. Interferon-γ is the major activator of infiltrated macrophages ( 2 , 21 ) . The activated macrophages are transformed into lipid-laden foam cells. Also, they secrete various kinds of inflammatory cytokines ( e.g. IL-1 β ), which in turn leads to the production of MCP-1 and VCAM-1 in the vascular wall cells, such as endothelial cells, SMCs and macrophages themselves ( 2 , 21 -23 ) . Subsequently, these changes elicit further interferon-γ induction and inflammatory cell infiltration. This suggested that the inhibition of interferon-γ function by sIFN γ R treatment abolished the interferon-γ -induced vicious cycle of plaque inflammation and macrophage recruitment, and subsequently prevented plaque formation (Figs. 4 and 5) . In addition, interferon-γ has been shown to suppress SMC proliferation and collagen production in vitro ( 24 -26 ) . As shown in Fig. 3 , sIFN γ R treatment increased SMCs and fibrous tissue deposition in the plaques. In contrast, a recent study has shown that neointima formation after vascular injury is attenuated in interferon-γ receptor α-chain knockout mice (27) , suggesting that interferon-γ might promote SMC proliferation during neointima formation. The diversity in the roles of interferon-γ in SMC proliferation in vivo may be explained by the differences in the underlying pathophysiology, the disease stage, the SMC phenotype, the interactions of SMCs to the surrounding cells and the presence of other factors between the atherosclerotic lesions and the neointimal lesions after vascular injury (3). Our study suggested that interferon-γ inhibited SMC proliferation and collagen deposition in the plaques of this model. Further investigations are warranted to explore this issue.
The present study has clearly demonstrated that sIFNγR is potentially useful for the prevention and treatment of atherosclerosis. However, there are several limitations to its clinical application. First, although no apparent side effects were observed during the period of this study, careful observation needs to be done over longer periods. In this regard, the combination of sIFNγR treatment with a local delivery technique to the target lesions, e.g. drug-eluting stent, may be desirable to avoid the possible side effects related to immunosuppression caused by systemic inhibition of the interferon-γ function. Second, the effects of sIFNγR treatment on established plaques should be determined. Based on the results of this study, we are now performing a series of experiments to see if sIFNγR treatment would regress and stabilize the existing, established plaques in the advanced stage of atherosclerosis in apoEKO mice.
In conclusion, interferon-γ promotes atherosclerotic plaque formation by activating inflammation in the arterial wall. Moreover, inhibition of the interferon-γ-mediated pathway may be a new target for the prevention and treatment of atherosclerosis. 
